Data are available from the GenBank database, accession numbers KX168502-KX168592.

Introduction {#sec001}
============

Cladocerans, or water fleas, are microcrustaceans that often play important roles in aquatic food webs \[[@pone.0161737.ref001], [@pone.0161737.ref002]\]. The typical life cycle of cladocerans involves cyclical parthenogenesis and the production of resting eggs. These propagules are protected from unfavorable environmental conditions and are dispersed by other animals such as water birds \[[@pone.0161737.ref001], [@pone.0161737.ref003]--[@pone.0161737.ref005]\]. The vagility of cladocerans has contributed to an historical misconception that most species are \"cosmopolitan\" in their geographic distributions \[[@pone.0161737.ref006]--[@pone.0161737.ref010]\]. However, David Frey \[[@pone.0161737.ref011]--[@pone.0161737.ref012]\] provided morphological and biogeographic evidence that many cladocerans, in spite of their dispersal ability, have regional distributions.

Subsequent morphological studies have also found evidence that widely distributed taxa in many different groups of Cladocera are composed of a series of locally distributed biological species \[[@pone.0161737.ref012]--[@pone.0161737.ref016]\]. Early molecular studies that dealt mostly with the genus *Daphnia* O. F. Mueller \[[@pone.0161737.ref017]--[@pone.0161737.ref023]\], and much less with other groups \[[@pone.0161737.ref024]--[@pone.0161737.ref030]\] also supported regionalism. These molecular studies confirmed only a few near cosmopolitan cladoceran species--in these cases distribution patterns were affected by anthropogenic introductions \[[@pone.0161737.ref023]\].

The number of publications demonstrating cryptic species in various invertebrate taxa increased after applying DNA barcoding (i.e. use of short gene sequences for species identification \[[@pone.0161737.ref031]\]). In invertebrates, a fragment of the mitochondrial *COI* gene was found to be an informative molecular marker for such studies \[[@pone.0161737.ref032]--[@pone.0161737.ref033]\]. *COI* data were successfully used for taxon delimitation in cladocerans as well \[[@pone.0161737.ref034]--[@pone.0161737.ref036]\]. In a few cases, detailed morphological analysis of reconstructed genetic clades allowed descriptions of some new taxa \[[@pone.0161737.ref037]--[@pone.0161737.ref040]\]. In most cases cryptic lineages still await formal taxonomic recognition.

Temporary and semi-temporary water bodies can have unique fauna \[[@pone.0161737.ref005], [@pone.0161737.ref041]--[@pone.0161737.ref042]\] but remain poorly studied. In such localities, species of the genus *Moina* Baird are often dominant among freshwater microscopic animals \[[@pone.0161737.ref043]--[@pone.0161737.ref044]\]. By virtue of very high reproduction rates, some moinids are used in commercial aquaculture as food for fish larvae \[[@pone.0161737.ref001], [@pone.0161737.ref043]\]. Moreover, some species of the genus *Moina* are used as the \"standard\" test objects in toxicological and in physiological studies \[[@pone.0161737.ref045]--[@pone.0161737.ref047]\]. Still, the genus has received little attention by taxonomists \[[@pone.0161737.ref048]--[@pone.0161737.ref066]\] since the revisions of Goulden \[[@pone.0161737.ref043]\] and Smirnov \[[@pone.0161737.ref044]\]. At the same time, it is known that the morphological variability of moinid populations is high and the genus taxonomy is not completely resolved--some taxa are in fact represented by groups of cryptic species \[[@pone.0161737.ref044], [@pone.0161737.ref067], [@pone.0161737.ref068]\]. The first molecular study of species boundaries in *Moina* was performed by Petrusek et al. \[[@pone.0161737.ref067]\] who demonstrated that populations of *M*. cf. *micrura* from Europe and Australia belong to two different biological species, while populations of *M*. *macrocopa* from Czech Republic and Uganda presumably belong to the same species. Tatsuta et al. \[[@pone.0161737.ref069]\] isolated a set of microsatellite markers for *Moina macrocopa* suitable \"for assessing cryptic genetic structure\", but these markers were never used in any subsequent studies. The DNA barcoding studies of the genus were started by Elías-Gutiérrez et al. \[[@pone.0161737.ref035]\], followed by Jeffrey et al. \[[@pone.0161737.ref036]\], Prosser et al. \[[@pone.0161737.ref070]\] and Dumont et al. \[[@pone.0161737.ref065]\]. Finally, a comprehensive study of the *Moina brachiata* group in Hungary was made by Nédli et al. \[[@pone.0161737.ref042]\]. Based on *COI* and *16S* diversity, the latter authors found four cryptic species in Hungary alone. Greater geographic sampling is warranted to better assess the cryptic diversity of the genus.

Moinids contain over 25 named species \[[@pone.0161737.ref065], [@pone.0161737.ref071]\], and it is presently difficult to make a study with all of these taxa. At the same time, it is known that moinids avoid Arctic/Subarctic area and are rare in adjoined boreal territories \[[@pone.0161737.ref043]--[@pone.0161737.ref044], [@pone.0161737.ref067]\]. The number of taxa in the northern portion of Eurasia is presumably not that high, and the study of this region can be used as a starting point for the global assessment of biodiversity. The aim of this paper is to investigate the biodiversity of *Moina* of northern Eurasia using *COI* gene.

Materials and Methods {#sec002}
=====================

Field collection {#sec003}
----------------

Field collection in Russia was carried out by our team or by our colleagues as part of a governmental project \"Ecology and biodiversity of aquatic ecosystems and invasions of alien species\" (№ 0109-2014-0008), with governmental permission to collect samples from public property. Sampling in the natural reserves of Russia was conducted with special permission of their directors (V.E. Kirilyuk, the Director of Daursky Biosphere Reserve, Zabaikalsky Territory and Yu.P. Suschitsky, the Director of State Khankaisky Biosphere Reserve, Primorsky Territory). All collected samples were listed in special reports to the administration of the reserves. Verbal permissions to collect in private farm ponds were obtained from local owners. Mongolian samples were taken by the Joint Russian-Mongolian Complex Biological Expedition with permission of the Ministry of Nature, Environment and Tourism of Mongolia. Some samples from Hungary, Ukraine, Kazakhstan and China were provided by our colleagues having permissions to collect them due to their activity as hydrobiologists in governmental institutes in their countries. The field studies did not involve endangered or protected species.

Specimens were collected by plankton nets with diameter of 20--40 cm and mesh size of 30--50 μm, and rectangular dip nets of same mesh size with widht of 0.2--0.3 m, handle length of 0.5--2 m, and preserved in 90--96% alcohol. Before the start of the genetic studies, each specimen was preliminarly identified based on its morphology \[[@pone.0161737.ref043]--[@pone.0161737.ref044], [@pone.0161737.ref072]\].

DNA sequencing {#sec004}
--------------

Genomic DNA was extracted using Wizard Genomic DNA Purification Kit (Promega Corporation, Madison, WI, USA) according to the manufacturer's instructions. The polymerase chain reaction (PCR) was used to amplify a 710 bp fragment of the 5\' region of the COI gene using the redesigned universal primer pair jgHCO2198 and jgLCO1490 \[[@pone.0161737.ref073]\], tailed with the M13 sequence \[[@pone.0161737.ref074]\], which was necessary due to a high level of degeneracy of the primers \[[@pone.0161737.ref075], [@pone.0161737.ref076]\]. These primers were used for amplification of all ingroup and outgroups. The 25-μL PCR reaction consisted of 2 μL of genomic DNA, 8.5 μL of double-distilled H~2~O, 1 μL of each primer (10 mM) and 5 μL PCR 5x Taq ScreenMix-HS (Evrogen, Moscow, Russia). PCR conditions used for the COI amplification were as following: 1 cycle of 5 min at 95°C, 40 cycles of 60 s at 95°C (denaturation), 90 s at 42°C (annealing) and 90 s at 72°C (extension), followed by 1 cycle of 6 min at 72°C. The PCR products were electrophoresed in a 1.5% agarose gel stained with ethidium bromide and were visualized under UV light. A 0.1--3 kb DNA ladder (SibEnzyme, Novosibirsk, Russia) was used for the estimation of the amplicon length. The obtained PCR products were reprecipitated at room temperature by adding ethanol to the final concentration of 70% and ammonium acetate to the final concentration of 125 mM. The DNA precipitate was washed with 70% ethanol, dried, and dissolved in distilled water. About 0.3 pmol of the PCR product and 3.2 pmol of the relevant primer were used for the sequencing reaction. Each PCR product was sequenced bi-directionally using an ABI 3730 DNA Analyzer with ABI PRISM BigDye Terminator v. 3.1 sequencing kit (Applied Biosystems, USA). A single consensus sequence was assembled using the forward and reverse sequences using CodonCode Aligner v. 6.0.2 (CodonCode Corp, USA). DNA sequences were submitted to the NCBI GenBank database (accession numbers KX168502-KX168592) ([S1 Table](#pone.0161737.s001){ref-type="supplementary-material"}).

Analysis of genetic divergence {#sec005}
------------------------------

The authenticity of the sequences was verified by BLAST comparisons. Bidirectional sequencing of all nucleotide sequences was proofread, edited and assembled in UGENE v. 1.22.0 package \[[@pone.0161737.ref077]\]. We used *COI* sequences from previous studies \[[@pone.0161737.ref033]--[@pone.0161737.ref036], [@pone.0161737.ref042]\] and some directly deposited sequences available from GenBank ([S2 Table](#pone.0161737.s002){ref-type="supplementary-material"}) and aligned them with our original sequences. Several taxa of the Daphniidae, the family which is a sister group to Moinidae \[[@pone.0161737.ref004]\], were used as outgroups. The sequence of \"*Moina* sp.\" (GenBank KC617696.1 \[[@pone.0161737.ref069]\]) was excluded as not belonging to *Moina*.

The DNA sequences were first automatically aligned using the ClustalX algorithm \[[@pone.0161737.ref078]\] using default options and then manually edited. The primer sequences were removed from the alignment prior to any further analysis, which therefore was based on the 657 bp fragment. To analyse the polymorphism among *Moina* populations, the following parameters were evaluated: the number of polymorphic sites (S), number of haplotypes (h), haplotype diversity (Hd), nucleotide diversity (Pi), average number of nucleotide differences (k) and Tajima\'s neutrality test (D). All calculations were performed using DnaSP v. 5.1 \[[@pone.0161737.ref079]\] and MEGA v.6 \[[@pone.0161737.ref080]\].

The best-fitting models of nucleotide substitution were selected in jModelTest 2.1.7 \[[@pone.0161737.ref081]\] based on the likelihood scores for 88 different models and the [Akaike information criterion](https://en.wikipedia.org/wiki/Akaike_information_criterion) \[[@pone.0161737.ref082]\]. The best model was general time reversible \[[@pone.0161737.ref083]\] with a gamma distribution and proportion of invariable sites (GTR+G+I).

*Ceriodapnia* and *Daphnia* species were employed as suitable outgroups in phylogenetic tree reconstruction. The maximum likelihood (ML) analysis (which used the GTR+G+I evolutionary model), minimum evolution (ME) method and maximum parsimony phylogeny reconstruction was performed with MEGA v.6 and bootstrap resampled 1000 times. Bayesian analyses (BI) were performed in MrBayes v.3.2.6 \[[@pone.0161737.ref084]\]. Four independent Markov chain Monte Carlo (MCMC) analyses were run simultaneously for 5 million generations and sampled every 1000 generations. The first 25% of the generations were discarded as the burn-in and a 50% majority rule consensus tree was calculated from the remaining trees. The mean genetic sequence divergence between major phylogroups was calculated in MEGA v.6 using Tamura 3-parameter model \[[@pone.0161737.ref085]\] and gamma rates distribution with the shape parameter estimated by jModelTest and with pairwise deletion of gaps and 10000 bootstrap resampled. Substitution pattern and rates were also estimated under the Tamura model \[[@pone.0161737.ref082]\].

Species clusters were collapsed using the FigTree Version 1.4.2 Collapse module.

Results {#sec006}
=======

The overall sequencing success rate was about 70%. The high failure rate was mainly due to problematic clades, i.e. *Moina* cf. *micrura* from the Far East of Russia (presumably *M*. *chankensis*), for which not a single sequencing was successful. PCR failure may have resulted from sequence mismatches of the template at the primer binding site. The alignment contained 160 original and 157 NCBI GenBank *COI* sequences. We identified (for *Moina* only) 635 conserved sites (excluding sites with gaps/missing data), including 386 invariable sites, 249 variable sites, 397 number of mutations, 6 singleton variable sites and 243 parsimony-informative sites. The A+T content (67%) was higher than the G+C content (36%), similarly to other cladocerans and all invertebrates (see records in Wang et al. \[[@pone.0161737.ref086]\]). The estimated transition/transversion bias t is 3.27. The levels of genetic differentiation (mean between-clade Tamura 3-parameter distance) of revealed lineages ranged from 3.9% to 28.1% ([Table 1](#pone.0161737.t001){ref-type="table"} and [S3 Table](#pone.0161737.s003){ref-type="supplementary-material"}).

10.1371/journal.pone.0161737.t001

###### Polymorphism of the COI gene mtDNA in *Moina* populations.

![](pone.0161737.t001){#pone.0161737.t001g}

  Phylogroup number   Phylogroup name                   n     S     h    Hd      Pi      k       Tajima's D   Haplotype numbers   
  ------------------- --------------------------------- ----- ----- ---- ------- ------- ------- ------------ ------------------- ------------------------------------------------------------------------------
  1                   *Moina* cf. *brachiata* clade A   29    21    13   0.936   0.008   5.08    -0.329       \>0.10              H_24, H_25, H_36, H_48, H_49, H_50, H_51, H_52, H_54, H_58, H_77, H_78, H_79
  2                   *Moina* cf. *brachiata* clade B   24    5     5    0.728   0.002   1.09    -0.521       \>0.10              H_01, H_06, H_15, H_16, H_38
  3                   *Moina* cf. brachiata clade C     10    2     3    0.511   0.001   0.55    -0.690       \>0.10              H_03, H_04, H_46
  4                   *Moina* cf. *brachiata* clade D   14    13    6    0.857   0.007   4.68    0.583        \>0.10              H_17, H_23, H_39, H_41, H_44, H_69
  5                   *Moina* cf. *brachiata* clade E   38    14    11   0.785   0.005   3.11    -0.205       \>0.10              H_68, H_70, H_71, H_72, H_73, H_74, H_75, H_76, H_80, H_81, H_84
  6                   *Moina* cf. *brachiata* clade F   5     3     3    0.700   0.003   1.60    0.699        \>0.10              H_09, H_82, H_83
  7                   *Moina* cf. *brachiata* clade G   8     18    4    0.643   0.007   4.67    -1.687       \<0.05              H_26, H_27, H_28, H_47
  8                   *Moina* cf. *micrura* clade H     6     3     3    0.600   0.002   1.40    0.338        \>0.10              H_02, H_08, H_53
  9                   *Moina* cf. *micrura* clade I     13    6     4    0.756   0.004   2.43    0.959        \>0.10              H_22, H_43, H_92, H_93
  10                  *Moina* cf. *micrura* clade J     2     0     1    \-      \-      \-      \-           \-                  H_56
  11                  *Moina* cf. *micrura* 5 Mexico    17    0     1    \-      \-      \-      \-           \-                  H_89
  12                  *Moina* cf. *micrura* 4 Mexico    4     0     1    \-      \-      \-      \-           \-                  H_94
  13                  *Moina* cf. *micrura* 1 Mexico    19    8     6    0.713   0.004   2.46    0.267        \>0.10              H_60, H_61, H_62, H_63, H_64, H_65
  14                  *Moina* sp. Canada                1     \-    1    \-      \-      \-      \-           \-                  H_59
  15                  *Moina* cf. *micrura* 2 Mexico    35    5     3    0.113   0.001   0.39    -1.775       \>0.05              H_66, H_87, H_88
  16                  *Moina lipini*                    7     5     3    0.714   0.003   1.714   -0.792       \>0.10              H_20, H_21, H_45
  17                  *Moina macrocopa amiricana*       9     7     3    0.639   0.005   3.11    0.927        \>0.10              H_67, H_90, H_91
  18                  *Moina* cf. *macrocopa* clade L   6     3     2    0.600   0.003   1.80    1.909        \>0.05              H_31, H_32
  19                  *Moina macrocopa macrocopa*       36    33    11   0.852   0.017   11.61   1.471        \>0.10              H_11, H_13, H_14, H_18, H_19, H_37, H_40, H_42, H_57, H_85, H_86
  20                  *Moina* cf. *salina* clade N      9     13    6    0.833   0.004   2.88    -1.889       \<0.05              H_29, H_30, H_33, H_34, H_35, H_95
  21                  *Moina* cf. *salina* clade O      13    12    5    0.808   0.006   3.97    0.113        \>0.10              H_05, H_07, H_10, H_12, H_55
  Total                                                 305   249   94                                                            95

n---sample size, S---number of polymorphic sites, h---number of haplotypes, Hd---haplotype diversity, Pi---nucleotide diversity, k---average number of nucleotide differences, D---Tajima\'s neutrality test, P---statistical significance Tajima's D.

No indels or stop codons were observed in the alignment visually or by using the ORF module of the uGene program. The mean intraspecific divergence was 0.18, while the maximum intraspecific divergence was 0.28. In contrast, the average intraspecific divergence ranged from 0.04 to 0.13 ([S3 Table](#pone.0161737.s003){ref-type="supplementary-material"}).

The separation of taxa based on the analysis of a single mitochondrial gene (i.e. *COI*) could be be complicated by the existence of functionless nuclear copies or pseudogenes \[[@pone.0161737.ref087], [@pone.0161737.ref088], [@pone.0161737.ref089], [@pone.0161737.ref090]\]. In the case of *Moina* we probably studied coding mitochondrial *COI* sequences. We found no evidence for pseudogenes such as stop codons and indels (see above). Also, a previous study of this genus revealed congruence of the *COI* phylogeny with that based on *16S* and nuclear markers \[[@pone.0161737.ref042]\].

Original sequences together with the GenBank sequences could be associated with 21 phyloclades in ML search. We numbered all clades from Eurasia from ML search by capital letters from A to O, while the North American clades have no special abbreviations here and minimally discussed in this paper. For the *brachiata*-like taxa we used our own numeration of clades, different from that by Nédli et al. \[[@pone.0161737.ref042]\]. In total, we differentiate six clades of the *brachiata*-like taxa (A-G, all from Eurasia), eight clades of the *micrura*-like taxa (five North American clades and three Eurasian clades, H-J), a single clade for *Moina lipini* (K), three clades of the *macrocopa*-like taxa (single North American and two Eurasian clades, L-M), and two clades of the *salina*-like taxa (both from Eurasia, N-O) (Figs [1](#pone.0161737.g001){ref-type="fig"}--[4](#pone.0161737.g004){ref-type="fig"}).

![Eurasian sites from which diversity of the genus *Moina* has been analysed.\
Upper panel---*brachiata* (blue symbols) and *lipini* (yellow symbols) groups, bottom panel---*macrocopa* (green symbols), *micrura* (red symbols) and *salina* (grey symbols) groups. A-M---15 clades revealed within Eurasian range. The initial map is from CIA public domain: <https://www.cia.gov/library/publications/resources/the-world-factbook/docs/refmaps.html>](pone.0161737.g001){#pone.0161737.g001}

![Maximum likehood tree representing the diversity among phylogroups of *Moina*.\
Symbols near Eurasian taxa correcpond to those in [Fig 1](#pone.0161737.g001){ref-type="fig"}. The support values of individual nodes are based on different variants of phylogenetic analysis: ML / ME / MP / BI. See Figs [3](#pone.0161737.g003){ref-type="fig"} and [4](#pone.0161737.g004){ref-type="fig"} for support of terminal clades.](pone.0161737.g002){#pone.0161737.g002}

![Uncollapsed portion of the tree represented in [Fig 2](#pone.0161737.g002){ref-type="fig"} for the *brachiata*-like taxa with support of terminal clades added.](pone.0161737.g003){#pone.0161737.g003}

![Uncollapsed portion of the tree represented in [Fig 2](#pone.0161737.g002){ref-type="fig"} for the *macrocopa*-like taxa.\
Arrows indicate two sequences of *Moina macrocopa macrocopa* of presumably Canadian origin.](pone.0161737.g004){#pone.0161737.g004}

Trees constructed by different methods are in general congruent, but support of different clades is somewhat different in different types of the analysis. The following clades have a strong support in any types of the analysis: A + B; D + E; *M*. cf. *micrura* 5 + *M*. cf. *micrura* 4; *M*. sp. + *M*. cf. *micrura* 2. Few clades moderately supported in ML were not supported in BI (A+B+C; *M*. *c*f. *micrura* 5 + *M*. cf. *micrura* 4 + *M*. cf. *micrura* 1 + *M*. sp. + *M*. cf. *micrura* 2; K + L + M). In contrast, some other clades with a strong support in BI have worse support in ML (A + B + C + D + E; *M*. cf. *micrura* 1 + *M*. sp. + *M*. cf. *micrura* 2; *M*. *macrocopa americana* + L + M + N). The support of branches in ME and MP was in general similar with that in ML.

As it is marked below, statistical support for the deep branches is low in all searches, the grouping of the deeper clades preliminarly support separation of three super-clades: (1) the *brachiata*-*micrura* group, (2) the *macrocopa-lipini* group, (3) the *salina* group. Note that the *brachiata* and *micrura*-like clades do not form monophyletic groups in our tree, see [Discussion](#sec011){ref-type="sec"}.

The *brachiata*-like clades ([Fig 3](#pone.0161737.g003){ref-type="fig"}) {#sec007}
-------------------------------------------------------------------------

Clade A is present in Hungary \[[@pone.0161737.ref042]\], southern portion of European Russia and Western Siberia up to Novosibirs Area (up to about 79°E). Clade B is found in west-southern portion of Eastern Siberia, Mongolia and Chinese Tibet. One more sequence from China present in the GenBank was attributed to this clade, but there is no detailed information on the locality from where is the speciemen originated. It is obvious that this clade is widely distributed in China, from South to the North of the country. Clade C is found only in three close localities in Saratov Area (south portion of European Russia). Clade D is present in Hungary \[[@pone.0161737.ref042]\], Ukraine and southern portion of European Russia. Clade E is found in Hungary only, where it is the most common phylogroup \[[@pone.0161737.ref042]\], but it is fully absent in European Russia, well-represented by our samples. Clade F is found in Hungary \[[@pone.0161737.ref042]\] and south portion of European Russia. Clade G is present in Mongolia and Transbaikalian portion of Eastern Siberia.

The *micrura*-like clades {#sec008}
-------------------------

Clade H is found only in southern portion of European Russia. Clade I is present in Hungary \[[@pone.0161737.ref042]\], southern portion of European Russia, Kazakhstan. A single population is present in South Korea (sequence of Prosser et al., 2013), but it could be a case of a human-mediated introduction, see below. Clade J is represented by two specimens from s single population in Kazakhstan. Five other clades are found in North America \[[@pone.0161737.ref035]--[@pone.0161737.ref036]\].

The *lipini* clade {#sec009}
------------------

Clade K is found in central and southern portion of European Russia.

The *macrocopa*-like clades ([Fig 4](#pone.0161737.g004){ref-type="fig"}) {#sec010}
-------------------------------------------------------------------------

Clade L is found only in two localities in Transbaikalian Area, Eastern Siberia, we can assume that this is a locally distributed phylogroup. Clade M (*Moina macrocopa macrocopa*) is widely distributed, it was detected in Hungary \[[@pone.0161737.ref042]\], north and south portions of European Russia, Western Siberia, Eastern Siberia, Far East of Russia and even Kamchatka Peninsula. Two sequences from this clade \[[@pone.0161737.ref033], [@pone.0161737.ref034]\] are known from the GenBank and presumably belong to Canadian populations (but it needs to be specially checked, see below). Remarkably, there are two geographical sub-clades within the clade M in the ML tree, European-Western Siberian and Easter Siberian-Far Eastern, but support of these clades is low.

Discussion {#sec011}
==========

Cryptic diversity in *Moina* from Palaearctic {#sec012}
---------------------------------------------

Hebert et al. \[[@pone.0161737.ref031]--[@pone.0161737.ref032]\] proposed to consider two clades as distinct species if the divergence between them in *COI* sequences is greater than 3%, lower values (0.7--2.2%) suggest a recent divergence of a clade. Here we accept this approach for the species delimitation, keeping in mind possible differences in the mutation rates among different groups.

Our study confirms the opinion that the real diversity of the cladocerans is several times higher than is accepted now \[[@pone.0161737.ref002], [@pone.0161737.ref091]\]. We found several cryptic species complexes within *M*. *macrocopa*, *M*. *brachiata*, *M*. *micrura* and *M*. *salina*, species confirming preliminary conclusions of Petrusek et al. \[[@pone.0161737.ref067]\] and Nédli et al. \[[@pone.0161737.ref042]\]. In comparison to previous publications, we significantly increased the number of revealed phylogroups which presumably correspond to biological species. It needs to be pointed out that our study has covered only the northern half of Eurasia, while the whole southern half of the continent is unexplored, as well as other continents (except of some portions of North America). In addition, only a small portion of the *Moina* species were investigated, while *M*. *weismanni* (common in different regions of Eurasia \[[@pone.0161737.ref043], [@pone.0161737.ref060], [@pone.0161737.ref054], [@pone.0161737.ref056], [@pone.0161737.ref057]\], *M*. *reticulata* (common in the Neotropics \[[@pone.0161737.ref043]\]), several Australian endemics \[[@pone.0161737.ref092]\], several newly described endemics with a very particular morphology \[[@pone.0161737.ref062], [@pone.0161737.ref064], [@pone.0161737.ref066]\], *M*. cf. *micrura* in Far East (for which we had samples, but, for unknown reasons, all PRCs were not successive), and many other species were out of our attention due to absence of a DNA-available material. Petrusek et al. \[[@pone.0161737.ref093]\] proposed that \"species-rich groups that have mostly escaped the interest of molecular taxonomists and molecular ecologists (e.g., cladoceran genera *Ceriodaphnia*, *Diaphanosoma*, *Moina*, most members of the cladoceran families Chydoridae and Macrothricidae, as well as a wide range of freshwater copepods) hide enormous diversity that remains to be discovered\". Now we can confidently assume that the number of moinid species is comparable to that in *Daphnia*, meaning that *Moina* is one of the largest genera of the Cladocera. Even after the splitting of *Alona* Baird into many species \[[@pone.0161737.ref016], [@pone.0161737.ref094]\], *Moina* could be regarded as the second most species rich Cladoceran genus, after *Daphnia* O. F. Mueller.

Our study strongly supports the non-cosmopolitism concept \[[@pone.0161737.ref011]--[@pone.0161737.ref012]\]. Among studied taxa, only a single taxon is presumably present both in Europe and North America, *M*. *macrocopa macrocopa* (clade M). However, this conclusion is based on two sequences of dubious, presumably Canadian, origin (marked by arrows in [Fig 4](#pone.0161737.g004){ref-type="fig"}). They originated from the publication \[[@pone.0161737.ref033]--[@pone.0161737.ref034]\] with no exact information on the localities. Origin of this population could be explained by a human-mediated introduction. Even both sequenced specimens could be originated from a laboratory culture of European origin instead of a Canadian locality. At the same time, these specimens could be really from a Canadian population. Colonization of New World by *M*. *macrocopa macrocopa* as a result of human-mediated introduction was documented several times by morphological taxonomists \[[@pone.0161737.ref063], [@pone.0161737.ref095], [@pone.0161737.ref096], [@pone.0161737.ref097]\].

There are no other species shared between Eurasia and North America, or/and any other continents. It is known that at least the *micrura*- and the *macrocopa* species groups have taxa on different continents, including even Australia. Such multi-continental pattern could be regarded as a confirmation of ancient, possibly Mesozoic, differentiation within these species groups that occurred before the continental break up, similarly to the subgenera and some species groups of *Daphnia* \[[@pone.0161737.ref098]\] or *Simocephalus* \[[@pone.0161737.ref030]\]. It is known that *Moina* diversity exploded in the Mesozoic, since ephippia, possibly belonging to this genus, were found in the Mongolian locality from the Jurassic/Cretaceous boundary \[[@pone.0161737.ref004], [@pone.0161737.ref099]\]. In contrast, a differentiation of the *brachiata*-like taxa presumably took place in Eurasia already after break up of the continents, as no *brachiata*-like populations were found in New World and Australia \[[@pone.0161737.ref043]\].

For the moment, the exact geographic boundaries of phylogroup distributions remain unknown, but many of the phylogroups provisionally seem to be endemics of some relatively local territories. Such situation does not seem to be exceptional among different groups of the cladocerans \[[@pone.0161737.ref086]\].

There is a general rule in the distribution of different phylogroups within different species groups: except of widely distributed *M*. *macrocopa macrocopa*, they could be subdivided into (1) European-Western Siberian (A, C, D, E, F, H, I, J, K, O) and (2) Eastern Siberian-Far Eastern (B, G, L, N). The exact boundary between the former and the latter is somewhat different in *brachiata*, *macrocopa*- and *salina*-groups. In general, we can draw a transitional zone between the European-Western Siberian and Eastern Siberian-Far Eastern phylogroups (= faunistic complexes) in the Yenisey River basin (highlighted in [Fig 1A](#pone.0161737.g001){ref-type="fig"} in blue and in [Fig 1B](#pone.0161737.g001){ref-type="fig"} in green). Preliminary analysis of the *COI* divergence in different group of *Moina* shows that this gene has a strong phylogeographic signal, but more sequences are necessary for good haplotype networks and phylogeographic conclusions based on them.

The study of the *micrura*-like taxa must be continued, because for some reasons we do not have genetic information on the populations from Eastern Siberia and Far East of Russia. There is a chance that a single population of *M*. *micrura* from clade I (sequences of \[[@pone.0161737.ref069]\]) appeared in South Korean reservoir due to a human-mediated introduction.

The very high lineage richness of the *Moina* in Carpatian and Transbaikalian regions suggests that these boreal regions could be important centers of diversity for the genus. Presumably, they could be associated with some refugia, where some lineages survived well-known cold and arid conditions of the Pleistocene, but further studies are necessary to understand exact pattern of the species distribution in Eurasia.

Consequences for the moinid studies {#sec013}
-----------------------------------

We found that several \"traditional\" taxa in Eurasia are represented by series of separate mitochondrial phylogroups. But there are some well-known limitations of the barcoding approach. For example, a hybridisation and nuclear introgression were previously demonstrated for some lineages of *Daphnia* \[[@pone.0161737.ref100]--[@pone.0161737.ref105]\]. Such phenomena could make the differentiation of biological species in the moinids much more complicated than barcoding diagnosing. But we agree with the opinion, that \"ultimately, the responsibility of accurate identification of animal specimens rests with the researchers who determine species' identity using a host of morphological characters\" \[[@pone.0161737.ref105]\].

In the case of *Moina*, even the preliminary naming of such taxa is presently impossible. A checklist of all \"species-group nominal taxa\" sensu ICZN \[[@pone.0161737.ref106]\] composed by AAK (it is partly represented in \[[@pone.0161737.ref070]\]) contains 78 formal names which could be attributed to the genus *Moina*. Among them, there are four taxa from the *brachiata*-group, 15 taxa from the *macrocopa*-group, 11 taxa from the *micrura*-group, and four taxa from the *salina*-group ([Table 2](#pone.0161737.t002){ref-type="table"}).

10.1371/journal.pone.0161737.t002

###### List of formal taxa presumably belonging to four large groups of *Moina*.

Taxa are given in original spelling and ordered in each column chronologically.

![](pone.0161737.t002){#pone.0161737.t002g}

  The *brachiata*-group                                   The *macrocopa*-group                              The *micrura*-group                                  The *salina*-group
  ------------------------------------------------------- -------------------------------------------------- ---------------------------------------------------- ----------------------------------
  *Monoculus brachiatus* Jurine, 1820                     *Daphnia macrocopus* Straus, 1820                  *Moina micrura* Kurz, 1875                           *Moina salina* Daday, 1888
  *Moina lilljeborgii* Schödler, 1877                     *Moina flagellata* Hudendorff, 1876                *Moina weberi* Richard, 1891                         *Moina mongolica* Daday, 1901
  *Macrothrix magnantennula* Cosmovici, 1900              *Moina fischeri* Hellich, 1877                     *Moina makrophthalma* Stingelin, 1913                *Moina microphthalma* Sаrs, 1903
  *Moina rectirostris* var. *caucasica* Schikleev, 1930   *Moina paradoxa* Weismann, 1880                    *Moina macrocopa* var. *brevicaudata* Вär, 1924      *Moina salinarum* Gurneу, 1909
                                                          *Moina bánffyi* Daday, 1883                        *Moina dubia lacustris* Rammner, 1931                
                                                          *Moina azorica* Moniez, 1888                       *Moina dubia macrocephala* Rammner, 1933             
                                                          *Moina paradoxa* var. *japonica* Ishikawa, 1896    *Moina latidens* Brehm, 1933                         
                                                          *Moina rectirostris* var. *Casañi* Arévalo, 1920   *Moina dubia* var. *parva* Rammner in Jenkin, 1934   
                                                          *Moina esau* Brehm, 1936                           *Moina dubia* var. *baringoensis* Jenkin, 1934       
                                                          *Moina esau* var. *dschirofti* Hemsen, 1952        *Moina chankensis* Uénо, 1939                        
                                                          *Moina ganapatii* Brehm, 1963                      *Moina dodhui* Rane, 1987                            
                                                          *Moina macrocopa americana* Goulden, 1968                                                               
                                                          *Moina kazsabi* Forró, 1988                                                                             
                                                          *Moina gouldeni* Mirabdullaev, 1993                                                                     

The authors of these taxa in their original descriptions proposed some diagnostic characters, but most of these \"diagnostic traits\" seem to be dubious, at least, their value needs to be re-evaluated. Due to this Goulden \[[@pone.0161737.ref043]\] and then Smirnov \[[@pone.0161737.ref044]\] regarded all such taxa as junior synonyms of previously described species. The situation was not improved after these two global revisions, and more new taxa with such subjective diagnostic characters were added (see [Table 2](#pone.0161737.t002){ref-type="table"}). In general, the problems in the *Moina* taxonomy are quite similar to those in *Daphnia*, see the critical discussion by Kotov \[[@pone.0161737.ref107]\]. As in the case of *Daphnia*, we believe that an accurate taxonomic revision based on male and ephippial female characters \[[@pone.0161737.ref103]\] could improve the taxonomy of *Moina*.

The authors who studied morphology of the moinids were victims of the so-called \"sharp\" diagnostic characters and the so-called comb-shaped keys \[[@pone.0161737.ref108]\]. These keys \[[@pone.0161737.ref043]--[@pone.0161737.ref044], [@pone.0161737.ref071]\] are used now for determination of the moinids. They immediately identified a specimen with a strong pecten of teeth on the postabdominal claw as *M*. *brachiata*, a specimen with a specific (having tooth-like setules) seta on the penultimate segment of limb I--as *M*. *macrocopa*, and a specimen having no seta on the penultimate segment--as *M*. *salina*. No further investigations of other morphological traits were conducted. As a result, to date we do not have an adequate information on the morphological differences between *brachiata*, *macrocopa* and *salina*-like populations from different regions. For example, local *M*. *salina*-like clade from Mongolia and its vicinities could belong to *M*. *mongolica* Daday, but may be a new species.

Interestingly, new lineages of *Moina* were found not only in poorly studied regions like Eastern Siberia (with only few studies concerning the genus reported from the area), but also in the southern portion of European Russia, in which numerous works on the genus have been conducted \[[@pone.0161737.ref109], [@pone.0161737.ref110]\]. Previous ecological works on *Moina* from Eastern Europe and other territories \[[@pone.0161737.ref052], [@pone.0161737.ref111], [@pone.0161737.ref112]\] in reality dealt with a number of taxa. As a result, the information on biology of separate \"species\" in previous summarizing publications \[[@pone.0161737.ref113], [@pone.0161737.ref114]\] is a chimerical mix composed from data on different taxa with possible differences in their ecological preferences.

Short comments on the moinid system {#sec014}
-----------------------------------

Before 2010, it was accepted that the family Moinidae includes two genera: *Moina* Baird and *Moinodaphnia* Herrick \[[@pone.0161737.ref043], [@pone.0161737.ref044], [@pone.0161737.ref071]\]. Hudec \[[@pone.0161737.ref056]\] proposed to subdivide the genus into two subgenera, *Moina* s.str. and *Moina* (*Exomoina*) Hudec, the latter taxon unites the species with two eggs in the ephippium and a large \"exopodite\" on male limb I. Hudec \[[@pone.0161737.ref056]\] studied specimens from Middle Europe only: *M*. *brachiata*, *M*. *micrura*, *M*. *weismanni* were included to the former subgenus; *M*. *macrocopa* and *M*. *ephemeralis* (the latter is a presumable junior synonym of *M*. *lipini*)---to the latter subgenus; *M*. *salina* was not placed to any subgenera. This subdivision has a great defect: very numerous Non-European taxa were not classified by the author, and still we have no ideas on their subgeneric status according to the scheme of Hudec \[[@pone.0161737.ref056]\]. Afterwards, Dumont et al. \[[@pone.0161737.ref065]\] even proposed to rise the status of *Exomoina* up to a separate genus and described one genus more, *Micromoina* Dumont, Rietzler et Kalapothakis, i.e. referring to a small *COI* tree. In our view, this step is wrong. Morphological differences between moinid species are less expressed than those between different species of *Daphnia*, but nobody tried to subdivide the latter genus into a series of genera. The divergence in the *COI* sequences in *Moina* is comparable with that between the genera of Daphniidae ([Fig 2](#pone.0161737.g002){ref-type="fig"}), but a *COI* tree could not be regarded as strong evidence for a taxonomic scheme. Separation of *Moina* into several genera will lead to taxonomic confusion, i.e. a difficulty in assigning names to specimens of non-European moinids (with undescribed ephippium and male) even up to genus level.

Even the subgenera of *Moina* by Hudec \[[@pone.0161737.ref056]\] are problematic according to our data. The grouping of the subgenus *Moina* (*Exomoina*) (clades K, L, M plus *M*. *macrocopa americana*), with two obvious morphological synapomorphies listed by Hudec \[[@pone.0161737.ref056]\], has moderate support in some variants of our phylogenetic analysis. But *Moina* s.str. clade (clades A-J plus clades of North American *M*. *micrura*) has insufficient support for any discussions of its monophyly. It is possible that this is a paraphyletic assemblage of some non-related taxa. At the same time, the separate status of *M*. *salina* group is obvious from our data. Therefore only new genetic and morphologic studies could result in an adequate moinid system.

Conclusions {#sec015}
===========

Our study unambiguously confirms the existence of many phylogroups of the genus *Moina* in Eurasia. Congruence of these groups with biological species needs to be confirmed by a phylogenetic study based on nuclear genes and morphological analysis with the aim to find adequate diagnostic characters. Such studies need to be accompanied by taxonomic efforts for a proper naming of all taxa, i.e. descriptions of those new for science.
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